High-temperature superconductivity in cuprates is well known to arise from doping of the Mott-Hubbard insulator of CuO 2 plane (1-3). Driven by strong electron-electron correlations, the ground state of cuprates is characterized by a charge-transfer gap (CTG) between charge-transfer band (CTB) and upper-Hubbard band (UHB), derived predominantly from O 2p and Cu 3d x 2 -y 2 orbitals, respectively (4, 5) . Whether the doping pins the Fermi energy (E F ) at some putative midgap states within CTG (4-6) or it simply induces E F shift of the MottHubbard insulating state (7-9) is a fundamental question but remains unresolved. The difficulty of settling this open issue is partially owing to specific doping level (4, 9) or limited doping range of samples (5, 8) explored in previous experiments, partially to the complex layered structure of cuprates. The latter makes direct experimental access to the CuO 2 planes that are sandwiched between the charge reservoir layers extremely challenging, which becomes prominent for surface-sensitive techniques (4, 5, 8, 9) . Therefore, the systematic measurement of a cuprate system covering sufficiently broad doping range and both electron (n)-and hole (p)-doped regimes (10), and meanwhile on the CuO 2 planes is the most effective way to solving this major problem.
structure, except for a small difference by  0.2 Å in the c-axis lattice constant (15, 16 ). Yet, the Hall effect measurements reveal that the two phases exhibit n-type (electron) and p-type (hole) conductivity, respectively, involving a carrier-sign reversal at x  0.104  0.132 ( fig. S2 ).
Similar phenomenon was ever identified in electron-doped La 2-x Ce x CuO 4 (17), but the mechanism differs considerably from each other (Supplementary section 1). For convenience, we label the two phases as n-SLCO and p-SLCO, as indicated by the blue and black arrows, respectively, in Fig. 1A .
The phase identification and atomically sharp interface in SLCO/SrTiO 3 are further established by high-resolution scanning transmission electron microscopy (STEM). By applying a new integrated differential phase contrast-STEM imaging technique (18), we show in Fig. 1C and 1D that the variation of c-axis lattice constant and concomitant carrier-sign reversal are due to the appreciable intake of apical oxygen (see the red and green arrows in Fig. 1D ) as x > 0.132. We also carry out in-situ scanning tunneling microscopy (STM) imaging of the CuO 2 -terminated SLCO films. The n-SLCO cuprate films display a pristine CuO 2 (1  1) surface with the expected Cu-Cu spacing of approximately 3.9 Å (Fig. 1E) , whereas the p-SLCO ones are characteristic of a (2  2) superstructure (Fig. 1F ). The observed (2  2) superstructure in p-SLCO is consistent with the periodic occupation of apical oxygens, whereas the integrity of CuO 2 planes is well maintained (Supplementary section 2, Fig. 1D and fig. S3 ). The excellent consistency among XRD, STEM, STM and Hall effect measurements indicates that an unprecedentedly ideal system for exploring the physics of doped Mott insulator in CuO 2 planes has been prepared.
Our most significant finding is that the fundamental Mott-Hubbard bands remain essentially unchanged, while the E F systematically moves with doping. We reveal this feature unambiguously by measuring the electronic density of states (DOS) of CuO 2 planes at various doping levels via STM, as enumerated in Fig. 2 , A to C. What becomes immediately obvious is the overall similar electronic structure: a CTG between CTB (its onsets are marked by black triangles) and UHB (its onsets are marked by blue triangles) is invariably present with the aid of the schematic band structure (insets of Fig. 2 , B and C). Figure 2D depicts the onset energies of CTB and UHB as a function of the La doping level x (top panel), from which the magnitude  CT of CTG separating CTB and UHB are extracted (middle panel). Except for the undoped (x = 0) and slightly doped (x = 0.020) insulating samples for which the  CT cannot be measured correctly by STM due to the well-established tip-induced band bending (19), we find that the  CT is essentially doping-independent and held constant at 1.30  0.07 eV. This value is close to the gap size of  1.5 eV measured by optical conductivity on the infinite-layer cuprates (20).
Furthermore, the bandwidths of CTB and UHB have a similar value of  0.45 eV irrespective of doping ( fig. S4 ), which is in good agreement with the previously reported value of 0.41 eV (12) .
Taking all together, we conclude that the doping doesn't disrupt the fundamental band structure of the CuO 2 planes in the SLCO cuprate films we have investigated. Such finding accords nicely with the stability of Mott-Hubbard bands with the Sr doping up to x = 0.3 in La 2-
x Sr x CuO 4 cuprates (21).
As anticipated but not yet confirmed in previous experiments, the E F of undoped SLCO cuprates is found to lie at the midgap energy (E i , the vertical bars in Fig. 2A ). With increasing La doping for x = 0.020 to 0.054, 0.076 and 0.100, the E F moves progressively away from the E i (refer to the right-pointing arrows in Fig. 2A and B) and gradually approaches the UHB, consistent with n-type doping. On the other hand, at x = 0.132, the E F suddenly jumps down below E i (see the left-pointing arrows in Fig. 2 , A and C) and even passes into the CTB because of the intake of apical oxygen (Fig. 1D) , signifying a transition to p-type doping. As the x is further increased, the E F shifts upwards again ( Fig. 2A and the bottom panel of Fig. 2D ), being a combined consequence of increased La donors and reduced apical oxygen (Supplementary 1). Considering that the only difference between n-SLCO and p-SLCO samples is the type of dominant ionized dopants, and that all STM measurements are conducted on the CuO 2 planes, this systematic shift of E F with doping should be inherent to doped Mott insulators.
We argue that the above findings are of fundamental importance and contrast sharply with both scenarios of the E F pinning by the midgap states (4) (5) (6) 19 ) and collapsing of the MottHubbard ground state upon doping (22). Instead, our results bear close resemblance to the modulation doping of Al x Ga 1-x As/GaAs semiconductor heterostructures (23), with the roles of the valence and conduction bands of the undoped GaAs played by the CTB and UHB of the chemically undisturbed CuO 2 in SLCO, respectively. The major difference of two systems are in carrier density. Another but minor difference is that in SLCO the separation of ionized dopants (La and apical oxygen) in the intervening Sr layers and free carriers in CuO 2 occurs in SLCO itself, for which it is best described as self-modulation doping (24). In this picture, the fundamental band structure of the stoichiometric CuO 2 and GaAs would not alter with doping, although their cause by electron correlations in CuO 2 sounds so different than the band theory in conventional semiconductors. The uppermost role of La (O) dopants is that they provide electron (hole) charges for the CuO 2 planes so as to push the E F upwards (downwards). These happen to be what we have clearly observed in Fig. 2 .
The second important observation is the formation of in-gap states (IGS) for x  0.054 (Fig. 2, A to C) , which overspread the whole CTG and are responsible for Mott insulator-metal transition. To find the primary cause for the emergent IGS, we detail how they vary spatially and are possibly related to the Mott-Hubbard bands by mapping spatial DOS at varied energies. and UHB (C and F) in both n-SLCO and p-SLCO films. A comparison among them reveals that populated IGS prefer to nucleate in nanoscale regions with high UHB (CTB) and low CTB (UHB) states in n (p)-SLCO ( Fig. 3 and fig. S5 ), exhibiting a previously unforeseen dichotomy of IGS between n-SLCO and p-SLCO. The dichotomy manifests itself further when the electronic states near E F are closely examined in Fig. 4A and fig. S6 . Every spectrum has a sloped background (to wit, electron-hole asymmetry) that differs radically between n-SLCO and p-SLCO. By integrating the occupied (W -) and unoccupied (W + ) spectral weights, we quantify electron-hole asymmetry by an asymmetry parameter (AP) defined as AP = (W --W + )/(W -+ W + ), which presents a systematic doping dependence and changes in sign from n-to p-SLCO (top panel of Fig. 4B ). Remarkably, nanoscale puddles of pseudogap, i.e. a depletion of DOS in the energy range of   p  13  28 meV around E F (bottom panel of Fig. 4B ), develop ubiquitously from the regions of pronounced IGS in both n-and p-SLCO films (Fig. 4A ). This implies a common origin of pseudogap in cuprates, but also establishes a correspondence between the IGS and the low-energy coherent bands commonly observed by angle-resolved photoemission spectroscopy (8, 12, 25) , since the latter is routinely sized of the pseudogap state in the vicinity of E F .
Despite the previous reports of electron-hole asymmetry in hole-doped cuprates (5, (26) (27) (28) , its verification in electron-doped ones as well as the above revealed dichotomy between n-SLCO and p-SLCO are totally new and shed light on the IGS. First, it is unlikely that the electron-hole asymmetry could be explained trivially as a tunneling matrix element effect through non-CuO 2 overlayers (26), because the present measurements are directly on the CuO 2 planes. Another view of electron-hole asymmetry and low-lying states in cuprates, which has received considerable attention (4, 5, 7-9, 27, 28) , is doping-induced spectral weight transfer from the high-energy Mott-Hubbard bands to low energy due to correlation effects (29). In this case, the DOS around E F would be sharply increased, contradicting our measurements of smooth variation of IGS across E F (Fig. 2, A to C) . In addition, although this scenario might interpret the anticorrelation of IGS with CTB (UHB) in n (p)-SLCO (5, 29) , it becomes entirely invalid to describe the electron-hole asymmetry in n-SLCO, based on the sum rules for one-particle spectral function (28, 29) . This is because the E F of n-SLCO is found to reside far from the UHB bottom in Fig. 2 (> 180 meV) and the UHB does not contribute much to the spectral weight close to E F .
Intriguingly, we show that the above observations could be straightforwardly understood by the self-modulation doping scheme mentioned above. Upon electron (hole) transfer, the bands of CuO 2 are bent downwards (upwards), creating quantum wells (QWs) in CuO 2 and confining electrons (holes) therein. Analogous to modulation-doped semiconductor heterostructures (23, 30), the newly formed electron (hole) subbands are itinerant in the CuO 2 planes and could energetically spread from the UHB (CTB) into CTG for n (p)-SLCO. This naturally explains the substantial IGS and positive correlation between them and the UHB (CTB) in n (p)-SLCO (Fig. 3) . Meanwhile, the downward (upward) band bending reduces the STM-detected DOS at energies of CTB (UHB), which are thus phenomenally anticorrelated with IGS in n (p)-SLCO films. The Mott insulator-metal transition occurs at a critical La doping level (0.020 < x < 0.054) at which the E F of CuO 2 begins to cross the subbands.
Finally, we emphasize that the subbands in adjacent CuO 2 planes, spaced by only 3.45  3.65 Å (Fig. 1B) , inevitably interact to form the quasi-three-dimensional bands. Such threedimensionality of band structure has previously been argued in cuprates (31, 32), which would lead to a square root-like energy dependence of electronic DOS. As thus, the W + will be greater than W -and the AP is negative in n-SLCO, since the E F goes through an electron-like band. As the E F shifts upwards with x, the DOS difference between W + and W -becomes smaller and the absolute value of AP diminishes. In h-SLCO, on the other hand, the E F instead crosses a holelike band and the opposites hold true. All of them match fairly well with the experiments. 
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Figs. S1 to S7 and Captions Standard lock-in technique was utilized to measure the transverse and longitudinal resistances in a six-terminal configuration with a typical excitation current of 1 µA at 13 Hz.
Supplementary Text Section 1: Hall measurements
We have performed Hall measurements to exploit the doping dependence of carrier type and density n in the MBE-prepared SLCO cuprates. In line with previous study (15) , the SLCO film grown directly on SrTiO 3 is non-superconducting from electrical transport measurements, enabling us to conveniently determine n that amounts to the Hall number n H at the low-T limit. (Fig. 1D) . Given that an apical oxygen contribute two holes, the Fermi surface reconstruction picture is almost incompetent to describe the x-dependent Hall coefficient R H in SLCO films.
Considering the possible coexistence of electron carriers by La dopants and hole carriers by apical oxygen, we interpret the R H using a simple "two-band model" and derive an expression for the measured R H as
where q, (ℎ) and (ℎ) represent the elementary charge, e(h) carrier density and mobility, respectively. Although the (ℎ) motility is unknown, an increase of would result in smaller R H at a fixed ℎ , contradictive to our observation in fig. S2D . This implies that the apical oxygen might vary or more precisely decrease in number from x = 0.153 to x = 0.197, which matches excellently with the upward shift of E F with increasing x (Fig. 2, A and D) . On the other hand, for the super-oxygenated SLCO films the Fermi level E F lies far away from the La dopant energy levels (close to UHB) and most La donors might be not ionized. Under this context, the free mobile carriers are predominantly holes contributed by the apical oxygen. Thus, the increased R H is in line with reduced apical oxygen with increasing La doing level x as well.
Section 2: STEM of p-SLCO cuprate films
Unlike n-SLCO cuprate films with well-defined atomic configuration (Fig. 1C) , the HAADF-STEM images of p-SLCO samples reveal apparent variations of Sr and Cu atomic columns in both of their intensity and shape. As evident in fig. S3 , the variation comprises an atomic column with a round shape and higher intensity (marked by the red and white arrows) (18) enables the Sr and Cu atomic distortions to be correlated with the intake of excess oxygens at the apical sites of Cu atoms (cf. Fig. 1C and Fig. 1D) . Actually, the apical oxygen are found to change alternately the intensity and shape as well. Notably, the planar oxygen atoms in the CuO 2 planes remain little disturbed and exhibit no observable distortion (orange arrows in Fig.   1 , C and D). As thus, our SLCO samples differ sharply from the SLCO cuprate films prepared by pulsed laser deposition, which exhibits an oxygen-deficient 2√2 × 2√2 superstructure (16).
Clarifying this discrepancy lies beyond the scope of the present study. We highlight that our MBE preparation and doping control of the super-oxygenated SLCO films have led to p-SLCO cuprate films, allowing for a direct comparison study between them and the n-type ones, both sharing the same infinite-layer crystal structure.
Section 3: Signature of nodeless superconductivity
Albeit no macroscopic superconductivity from electrical transport measurements, the SLCO films grown on SrTiO 3 can undergo a superconducting transition in isolated patches. This is nevertheless evidenced by observing the well-defined pseudogaps in Fig. 4A , which show no distinction from those in superconducting cuprate materials. Moreover, in some regions ( 10%) with populated IGS, dI/dV tunneling spectra of CuO 2 planes disclose a surprising double gap feature ( fig. S7A ). The two characteristic energy gaps are found to develop at  41 mV and  22.5 mV, respectively. Such spectra resemble with those of CuO 2 monolayers in a prominent manner (33). Without loss of generality, we assign the large and small gap as pseudogap  p (magenta dashes) and superconducting gap  s (blue dashes), respectively. The local superconductivity is further supported by our measurement of dI/dV spectra under an applied magnetic field of 10 T (fig. S7B ). The suppression of gap by magnetic field is discernable ( fig. S7C) . A reason for the only weak suppression of superconductivity might be that the magnetic flux penetrates dominantly into the major non-superconducting regions of SLCO cuprate films. Nevertheless, the vanishing DOS over a finite energy range near E F , i.e. the Ushaped gap with pronounced coherence peaks, can be only accounted for by acknowledging a nodeless superconductivity. 
